ABSTRACT A set of at least 30 proteins disappears from the two-dimensional electrophoretic pattern of human lymphoid cells treated with various antimitochondrial agents. This set is similar to the set ofproteins found in isolated mitochondria (except for the presence of actin in the latter group), indicating that the inhibitor effect stops production of a majority of mature mitochondrial proteins. Several proteins having the characteristics of precursors to the major cytoplasmically synthesized mitochondrial proteins can be observed in cells during fast-pulse experiments and in a reticulocyte lysate system fed with total lymphoid cell RNA. In the three major instances of mitochondrial precursor-product processing, the removed peptide is quite basic in each case, suggesting that a lysine-or arginine-rich terminal sequence may be necessary for initial recognition by the mitochondrial protein uptake apparatus. The inhibitor effect allows easy. identification of a large set ofmitochondrial proteins in two-dimensional maps ofvarious cells, thereby specifying a particularly tractable and functionally distinctive subset of the cellular proteins. The nature and wide scope of the effect support the concept of energy-dependent "vectorial processing" [Schatz, G. (1979) FEBS Lett. 103, 203-211] and indicate that such a mechanism is generally applicable to the major class of cytoplasmically synthesized mitochondrial proteins in mammalian cells.
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By using high-resolution two-dimensional electrophoresis (1) , several thousand distinct proteins can be resolved among the constituents of a mammalian cell such as the lymphocyte. A majority of these molecules probably have never been described, nor is it likely that their functions have yet been imagined in any detail. Because the shape and position of a protein spot in such a two-dimensional map indicates almost nothing about that protein's function or relative importance in the cell, it is sometimes concluded that the technique presents an overabundance of unorganizable data. In fact, order readily can be brought to such data and, ultimately, a detailed blueprint ofthe cell's activities can be extracted if those subsets of proteins that comprise specific functional or structural units can be defined (2) . Information of this kind provides a foundation upon which to base interpretations of changes in the pattern of protein synthesis resulting from gene regulation, differentiation, or, over a longer time span, evolution.
The proteins of the mitochondrion form such a well-defined subset of the cell's constituents, being both physically sequestered and functionally specialized. The fact that mitochondria. can be isolated from various sources has made it possible to study in detail the biochemistry of their energy generation and other functions, but it has left the relationship of the organelle to the cell it serves largely unexplored. It is the latter relationship that is of particular interest in the study of cells by twodimensional mapping techniques. What has been lacking is a convenient and reliable way of identifying mitochondrial protein spots in the total cell pattern.
This paper describes such a method, based on the observation that nonactin (a K+ ionophore) causes the disappearance of a specific and reproducible group of proteins from the map of labeled lymphocyte proteins (unpublished data). This group correlates well with the pattern of proteins found in isolated mitochondria.
MATERIALS AND METHODS
Labeling ofCells. Two sublines ofthe human lymphoblastoid cell line GM607 (Human Genetic Mutant Cell Repository, Institute for Medical Research, Camden, NJ) were used in this study. The original line was derived from peripheral lymphocytes of a normal individual; the two sublines differ only in the level of expression of a presumed A-type immunoglobulin chain. Cells at a density of approximately 106/ml were labeled (with or without inhibitor as indicated) in RPMI-1640 medium containing 5% fetal bovine serum and antibiotics and lacking the labeling amino acid (GIBCO Selectamine kit).
[3S]Methionine was used at a concentration of 60 ,Ci/ml (1 Ci = 3.7 x 1010 becquerels). Incubation was carried out at 37°C in 5% C02/95% air at 95% relative humidity, with continuous gentle shaking.
Preparation of Mitochondria. Cells prelabeled with [3S]methionine were homogenized in 0.25 M sucrose/0.3 mM EDTA, pH 7.4, and spun at 600 X g for 10 min. The supernatant was centrifuged at 10,000 x g for 10 min, and the resulting pellet was washed twice. The last pellet was resuspended in 50% (wt/wt) sucrose/0. 3 Two-Dimensional Electrophoresis. The method ofO'Farrell (1) was used with modifications as described (3, 4) . The acid end of the focusing dimension was to the left, and high apparent molecular weight (NaDodSO4) was at the top. Isoelectric point standards derived from rabbit muscle creatine phosphokinase 2407 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby. marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
were used on all gels (5) . Figures show either autoradiographs or fluorographs (6) .
Nomenclature of Protein Sets. In this work I follow this laboratory's standard practice with regard to the naming of functionally or characteristically related protein sets; each set has a six-letter acronym,, and each protein of the set has a serial number following the acronym. Thus, the set of.proteins that disappear when mitochondrial function is impaired is designated Mitcon:1-n; the set ofputative precursors to these is designated Mitpro:l-n. This nomenclature is useful in the two-dimensional. mapping work itself, in which it is necessary to have short, meaningful names for particular sets of spots, but it is intended only to supplement, not replace, exact functional names of enzymes, etc., when these have been convincingly associated with specific spots. The numbering of all the Mitcon proteins is not shown here (for reasons ofclarity) but is indicated on a standard lymphocyte map available from this laboratory on request. (12)]. Because the mitochondrion is the common site of action of these compounds, the set ofprotein spots affected has been called the "Mitcon" group. Altogether, 33 proteins visible on these gels, plus 6 more visible only on basic protein resolving gels [BASO gels (13) , not shown], belong to the Mitcon group in these cells. Human peripheral lymphocytes lack detectable levels of 7 of Fig. 1 and in Fig. 3 ). These proteins could be seen at much greater relative abundance in untreated cells pulse-labeled briefly (2-3 min) and immediately solubilized (Fig. 3A) . After (Fig. 1) At least three of the principal Mitpro spots are readily synthesized in a rabbit reticulocyte cell-free translation system fed with total RNA from lymphoblastoid cells (Fig. 3E) . These products also were seen when RNA from nonactin-treated cells was used (Fig. 3F) , demonstrating that the abundance of Mitpro message is not substantially affected by antimitochondrial treatment over a period of many hours. No mature Mitcon proteins were observed among the direct products of the reticulocyte system except for Mitcon:4 (not shown), the sole mitochondrially encoded protein so far identified in these patterns. However, when mouse liver mitochondria were incubated with the reticulocyte mixture after a period ofprotein synthesis and then removed by centrifugation, the putative precursors were removed specifically (though not completely) from the lysate supernatant (Fig. 3G) ; labeled mature Mitcon molecules appeared in the mitochondrial pellet (Fig. 3H) 1 Thus, mouse mitochondria are capable of recognizing and correctly processing some of the major human mitochondrial proteins.
RESULTS

Effect of Mitochondriil Inhibitors on
Neither Mitpro:I nor Mitcon:I contains any detectable tryptophan ( Fig. 3 I-L) . This unusual property, not shared by the other Mitcon or Mitpro molecules, suggests that the two are the precursor and mature forms of the same protein. The similarity of proteolytic digestion patterns (Fig. 4) supports such an assignment and suggests that Mitpro:2 and.:3 are similarly related to Mitcon:2 and :3, respectively. This pairing ofprecursors and products indicates that a weight loss ofabout 3000-4000 daltons (NaDodSO4) is associated with maturation in each case. Because the mature proteins are considerably more acidic. than their respective precursors, the removed peptides must; be quite basic. Each is estimated to carry between 4 and 8 net positive charges, based on comparison ofthe sizes ofsingle-charge shifts in the-mature forms with the total precursor-product pl differences.
DISCUSSION
The basic observation presented here is that the inhibition of mitochondrial function (by various agents) specifically halts production of the major mature mitochondrial proteins visible in the two-dimensional system used. This phenomenon has both practical and theoretical-significance. From the practical viewpoint, it means that a set of mitochondrial proteins can be identified in high-resolution two-dimensional maps of whole cells without the necessity of isolating the organelle. This makes it particularly easy (i) to investigate relationships between the control of the expression of these genes and others active in the cell (as in the case of Mitcon:5 and cell transformation), (ii) to search for genetic variants of nuclear-encoded mitochundrial proteins (and to determine whether their variability is characteristically different from that of the cytosolic, cytoskeletal, or other protein sets), and (iii) to compare mitochondrial proteins of various species with a view toward establishing a measure of relatedness based on two-dimensional spot shifts [charge and molecularweight'(NaDodSO4) changes] alone. Questions ofthis kind can be addressed whenever. a meaningfully large subset of cellular proteins can be rigorously defined and easily identified. Because classical isolation techniques must often be modified to produce mitochondria from different types of cells (Fig. 1) ; squares indicate Mitpro:1, :2, and :3. (A) GM607 cells pulse-labeled for 2 min with [35Slmethionine at 1 mCi/ml; (B) 2-min pulse followed by 30-min chase; (C) 2-min the inhibitor effect is a more reliable way ofidentifying a specific set of mitochondrial proteins.
From a more theoretical viewpoint, it is ofparticular interest that the inhibitor effect applies to virtually all the proteins detected in a preparation of isolated mitochondria. This implies that the mechanism involved in the effect is intrinsic to the biogenesis of a large class of mitochondrial proteins. A number of recent papers by here, obtained in human cells, support the existence of such a mechanism and indicate that it applies to most cytoplasmically synthesized mitochondrial proteins. The nature of the driving force behind the mechanism (whether membrane potential or intramitochondrial ATP) remains in some doubt, however, because an ionophore such as valinomycin can produce the full effect in mammalian cells but apparently not in yeast (18) .
Two factors complicate the precise definition of the Mitcon set in terms of submitochondrial compartments. (i) Cytochrome c, a small cytoplasmically made protein that functions between the inner and outer mitochondrial membranes, does not appear to be made as a larger precursor (21) , and hence its transport into the organelle need not necessarily be subject to any control by mechanisms dependent on energy production. ( 
